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SUMMARY 
The understanding of highway t r a f f i c flow has become increas ingly 
important during the l a s t decade. Theorists have dea l t , general ly , 
with only l imited s i tuat ions , for which abstract models have been de­
r ived. The main shortcoming of these studies i s the ir fa i lure to con­
sider the systems nature of t r a f f i c flow. The objec t ive of the present 
research i s to develop a be t t er understanding of certain t r a f f i c flow 
c h a r a c t e r i s t i c s , such as platooning, passing, flow rate , and average 
speed, within a systems context . 
The system studied in th i s research i s a two-lane, two-way rural 
road, of f i n i t e length seven miles . The system was modeled by a set 
of l o g i c a l statements and equations, and the model was simulated by 
transforming these equations into the ALGOL computer language. The 
resul tant program was run on the Univac 1108 computer. 
The primary exogeneous var iables were the a r r i v a l headway d i s ­
t r ibut ion , the opposing headway d i s t r i b u t i o n , and the desired speed 
d i s t r ibut ion . I t was found that both passing and platooning decrease 
as stream mean speed increases . A flow concentration curve was also 
defined. This curve was similar in shape to curves obtained by other 
inves t igators and showed that the maximum flow rate i s achieved for 
intermediate dens i t i e s . 
To va l ida te the model, a f i e l d study was made in which the values 
i x 
of the aforementioned v a r i a b l e s , as wel l as the actual speed d i s t r i b u ­
t ion , were determined. The simulation resu l t s showed close agreement 





This study i s concerned with the nature of t r a f f i c flow on the 
two-lane two-way rural highway. The primary objec t ive of t h i s study 
i s to gain an understanding of the nature of the e f f e c t s of t r a f f i c 
volume and desired speed on t r a f f i c flow rate , rea l i zed speed, amount 
-* 
of passing, and on amount of platooning. A secondary objec t ive i s 
to gain an understanding of the re lat ionship between the d i s t r ibut ion 
of headways at one point on the road to the d i s t r ibut ion of headways 
at a point farther down the road. 
Importance of Problem 
The problem of planning highways for heavy and increasing t r a f f i c 
flow has become highly complex, and i t has received ac t ive study. More 
complete information on the nature of the e f f e c t s and interact ions of 
t r a f f i c var iables i s needed in order to e f f e c t i v e l y design highways of 
the future. 
The manner in which t r a f f i c engineers have attempted to deal 
Two cars are platooned when the following car i s so close to 
the lead car that the following car must e i ther i n i t i a t e a pass or must 
track the lead car (see Chapter I I I ) . 
The headway i s defined as the time in terva l (seconds; between 
successive cars . 
with the t r a f f i c problem, and the approaches made by t r a f f i c flow 
t h e o r i s t s , represents two extremes in the method of solut ion. Traf f i c 
engineers have r e l i e d mainly on empirical s tudies , semi-empirical models 
and general rules of thumb. They have been slow to adopt the findings 
of the t r a f f i c flow theor i s t s who have, on the other hand, attempted 
to describe t r a f f i c phenomena in purely a n a l y t i c a l terms. Traf f i c flow 
theor i s t s have created mathematical models of l imited s i tua t ions . The 
equations they derive deal with microscopic s i tuat ions which are re ­
la ted in a very abstract way to rea l t r a f f i c systems. By f a i l i n g to 
t rea t the t r a f f i c system in macroscopic terms, the theor i s t s have been 
unable to present a unif ied treatment of complex t r a f f i c flow systems. 
Scope of Study 
This study i s concerned with the t r a f f i c flow charac ter i s t i c s for 
a s ingle road. Although a s ingle road i s usual ly a component of a large 
network, the road-network interact ion was not considered in t h i s study. 
However, a dynamic approach w i l l be made to more completely understand 
how the two lanes of t r a f f i c in teract and, general ly , to find which 
t r a f f i c var iables are the most important determinants of flow charac­
t e r i s t i c s . 
Assumptions and Limitations 
To set the system within a context amenable to study, several 
assumptions were made. The assumptions are as follows: 
. 1» The road length i s chosen to be seven miles^ 
2. Flow into and out of the system may occur only at the seven 
3 
mile boundar ies , . i . e . , . -no side roads e x i s t . 
3» Car a r r i v a l s follow a Poisson process, i . e . , a r r i v a l head­
ways are exponential ly d i s tr ibuted . 
h. Desired or "free" speeds are normally d i s tr ibuted with 
parameters u. and 0^. 
5. Passing i s permitted, subject to certa in r e s t r i c t i o n s . 
6. Flow conditions in the opposing lane are re lated in a d irec t 
way to those in the primary lane of consideration (mainstream). 
7- Since the system i s i n i t i a l l y empty, the s t a t i s t i c s generated 
can be considered to re la te to the system during the transient period 
only. No inference may be drawn about steady s tate behavior. 
Method of Approach 
Because the system to be studied involves the complex interact ion 
of many v e h i c l e s , a dynamic approach was ca l l ed for . Since de ta i l ed 
information about the system components was a v a i l a b l e , i t was decided 
to analyze the system by use of simulation. The scope and complexity 
of the problem and the need for repeated performance and recording of 
ca lculat ions d ic ta ted that th i s simulation be performed with the aid 
of a computer. 
Many simulation languages were avai lable? . including DYNAMO, which 
i s appl icable to systems where continuous flows and l e v e l s are involved, 
GPSS-II, which i s designed to handle unit d i screte flows, SIMSCRIPT, 
SIMULA, and others . A study of these languages indicated that none 
These r e s t r i c t i o n s are outl ined in Chapter I I I . 
offered the f l e x i b i l i t y needed to adequately represent the present 
system. To provide th i s f l e x i b i l i t y , the ALGOL language, as modified 
for the Univac 1108 computer, was se lected for use in th i s research. 
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CHAPTER I I 
LITERATURE STUDY 
Background Information 
Most of the t r a f f i c research now being done, e s p e c i a l l y in the 
academic area, involves the creation of a t r a f f i c model. A t r a f f i c 
model i s " . . . any system, whether phys ica l or abs trac t , whose behavior 
can be observed or ca lculated and i s re lated to t r a f f i c in some useful 
way."(8) Although phys ica l models have been proposed, they have not 
as yet been used to describe t r a f f i c systems. B a s i c a l l y , three d i f f e r ­
ent approaches have been used to model t r a f f i c : 
T. Considering t r a f f i c phenomena as chance r e a l i z a t i o n s of 
events from given d i s tr ibut ions and der iv ing , by s t a t i s t i c a l means, 
system quant i t i es of i n t e r e s t . 
2. Considering t r a f f i c flow on a highway to be analogous to the 
flow of l i q u i d through a medium. Equations for the former are read i ly 
obtained from those already derived for the l a t t e r . 
3» Incorporating knowledge of the components of t r a f f i c flow 
into a dynamic model by use of computer simulation. 
The f i r s t technique has had wide appl icat ion where quant i t ies 
such as mean va lues , queues, e t c . are the main concern. The second 
technique i s appl icable to dense flow conditions and has brought about 
such concepts as the bott leneck and the shock wave. The th ird technique 
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i s appl icable to a broad base of problems and i s used, genera l ly , when 
the system i s too complex to model otherwise. 
The resu l t s of empirical studies and other research have provided 
ins ight into the t r a f f i c problem. I t i s general ly agreed that speed 
and density are the most important measures of t r a f f i c flow. As t ra f ­
f i c density i s increased beyond a certa in value , the speeds are reduced 
to such an extent that the t o t a l flow i s decreased. However, the re­
lat ionships between speed and flow and between density and flow are not 
l i n e a r . Rather, i t i s proposed that the f low-density and the speed-
flow re lat ionships are of the nature depicted in Figures 1 and 2. 
As seen in Figure 1 , when density k i s zero, there i s no flow. 
As density increases , the flow rate increases because the increase in 
density more than o f f se t s the reduction from free speeds. However, as 
density increases past k^, further increases in density cause a dispro­
portionate reduction of speed, thereby reducing the flow ra te . As den­
s i t y approaches k . , the jam density , speeds approach zero. 
J 
Whenever differences in speed from one t r a f f i c subsystem to 
another occur, t r a f f i c w i l l accumulate in the lower speed subsystem 
while i t i s being fed by higher speed t r a f f i c upstream to the locat ion , 
unless cars can pass at w i l l . Vehicles in one lane of t r a f f i c have 
l i t t l e choice of speed, since each vehic le influences the speed of the 
vehic le fol lowing, for the high volume case. An incident i s quickly 
transmitted up the t r a f f i c stream in the form of a wave of speed 
change (8). 
The term congestion could be used to indicate a reduction from 
Figure 1. Flow-Concentration Curve per Lane of Tra f f i c 
(Greenshields, 1954) 
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Figure 2 . Speed-Flow Relationship for One Lane 
9 
the maximum flow at ta inable at some l e v e l of free , or desired, speed. 
The maximum flow i s not usual ly at ta ined because some drivers s e l ec t 
d i f ferent speeds and hence, headways, than the idea l ones. As speeds 
decrease and volume increases , the need arises for more frequent pass­
ing, but th i s in turn i s a decreasing p o s s i b i l i t y as more and more lane 
space i s permanently occupied (14) . 
Published Studies 
Not unexpectedly, many papers have been writ ten on the flow of 
t r a f f i c on two-lane roadways. Both simulation and a n a l y t i c a l approaches 
are to be found in the l i t e r a t u r e . These approaches w i l l be highl ighted 
in the remainder of t h i s chapter. 
As ear ly as 19 -̂1^ the Public Roads Administration had conducted 
f i e l d studies of vehic le -pass ing prac t i ces on two-lane roads (21). The 
resu l t of these studies was a set of empirical data concerning various 
phases of the passing maneuver, for d i f ferent values of passing speeds. 
A pass was c l a s s i f i e d according to the manner in which the passing ve­
h ic l e was af fected by the opposing t r a f f i c . The resu l t s of these studies 
are summarized in R i t t er and Paquette's Highway Engineering (24). 
Although some work was begun at an ear ly date, the l arges t volume 
of work which has been done in the area of t r a f f i c flow theory has been 
done over the l a s t decade. 
In 1966, Warnshuis (27) made a simulation study of two-way t ra f ­
f i c on a two-lane road. In. th i s study, flow on a road of i n f i n i t e length 
was approximated by creat ing a c i rcu lar track of f i n i t e length. Also , 
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the set of cars t rave l ing in each d irect ion remained f ixed. A car 
traveled at i t s own desired speed unless the car was following or pass­
ing another car. In th i s model, platooned vehic les must maintain uni­
form intercar spacing unless the car behind the leader executes a pass , 
or unless one of the cars in the platoon dece lerates . I t was found 
that the re lat ionship between average speed and mean desired speed i s 
l a r g e l y insens i t ive to changes in the d i s t r ibut ion of desired speed, 
for a given mean speed, but very sens i t ive to t r a f f i c densi ty . The re ­
sul t ing d i s t r ibut ion of platoon s izes was also shown. No f i e l d study 
data were used to v a l i d a t e the study. 
The basic assumptions used by Warnshuis are very much l i k e the 
ones adopted for the present research. However, some of the rules to 
be used for the current study are quite d i f f erent . For example, unlike 
Warnshuis, th i s model involves a road of f i n i t e length on which the num­
ber of cars in a lane i s not f ixed but a function of the system param­
e ter s . In the main, the objec t ives of the present study d i f f e r from 
those of Warnshuiso 
Although the l i t e r a t u r e search revealed no other major simula­
t ion study of two-way t r a f f i c , many authors have developed mathematical 
models for certa in aspects of t r a f f i c flow, such as flow ra te s , average 
speed at ta ined, and passing c h a r a c t e r i s t i c s . 
In "A Model for Traf f i c Flow on a Two-way Rural Highway" ( l8 ) , 
Mi l l er attempted to pred ic t the steady s tate values of certa in quanti­
t i e s , such as the d i s t r ibut ion of actual speeds as functions of desired 
speeds, average delays suffered by desired speed categor ies , and average 
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speed of platoons. His mathematical model has been p a r t i a l l y va l idated 
by the use of data obtained from the 1965 Highway Capacity Manual and 
other data l a t e r co l l ec t ed . However, M i l l e r ' s model i s appl icable only 
to low density t r a f f i c flow condit ions. A more dynamic approach i s 
needed for higher dens i t i e s . 
Ol iver reports the resu l t of a study of one-way t r a f f i c flow on 
a two-lane road (20). His mathematical model rested on two basic 
pr inc ip le s : that the t o t a l number of vehic les are conserved, and that 
lane changes are funct ional ly re la ted to the dens i t i es in each lane. 
Ol iver obtained a set of non-linear d i f f e r e n t i a l equations by use of 
the above pr inc ip les and by an accounting system which keeps track of 
changes of flow rates and dens i t i es over time d i f f e r e n t i a l s . The model 
did not include a deta i l ed merging or passing rule; rather, i t deal t 
with aggregate quant i t i es such as density from which equations of con­
t i n u i t y were derived. I t was shown that the t h e o r e t i c a l value of lane 
changing flow rates agreed f a i r l y we l l with the f i e l d data taken. 
In 1965* Erlander presented a mathematical model for t r a f f i c on 
a two-lane road In his model, the road i s considered to be i n f i ­
n i t e l y long. He inves t igated the average speed of veh ic les with a 
given desired speed, where passing of a slower moving veh ic le i s allowed 
subject to certa in constra ints . Erlander developed a non-linear i n t e ­
gra l equation for the average speeds at ta ined. He then inves t igated 
certa in aspects of th i s equation, such as average distances a vehic le 
must t r a v e l at reduced speeds before being able to pass, flow ra te , and 
number of passed per given length of road per hour. 
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Also in 1965* Gustavsson presented a model for passing on a 
two-lane road with l imited v i s i b i l i t y ( l l ) . Here, the primary concern 
was with the decision to pass, which was dependent on the density of on­
coming t r a f f i c and the s ight dis tance . As in Erlander's paper, the d i s ­
tance between the car to be passed and the next car ahead i s not con­
sidered. The author derived an autocorrelat ion function for the proposed 
s ight var ia t ion model. 
In 1966, Andreassend completed a study of the use of mathematical 
descript ions to determine overtaking times and distances ( l ) . The over­
a l l performance of a car i s described by f i t t i n g an exponential time-
speed re lat ionship to f i e l d data. Using th i s expression, he was able 
to determine a n a l y t i c a l l y the overtaking times and distances for given 
car spacings. Also considered were the e f f ec t s of speed l imi t s and 
i n i t i a l dif ferences in speeds between the passing car and the car being 
passed. Although his analys is i s quite in teres t ing , the main value of 
his study i s in the determination of l ine markings for two-lane roads. 
G. F. Yeo (28) determined the t h e o r e t i c a l delay of a vehic le 
wishing to t r a v e l at some speed u which i s greater than the constant 
speed which a l l other vehic les in i t s lane are assumed to t r a v e l . As­
suming t r a f f i c in the opposing lane to be composed of a ser ies of p l a ­
toons and gaps, Yeo derived the expected mean speed of the u veh ic le 
in terms of i t s desired speed, the speed of the other v e h i c l e s , and 
expected wait ing times for d i f ferent s i tua t ions . 
The evaluation of the flow rate or capaci ty i s an important in­
dicator of the safe operation of roads and highways. Associated with 
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t h i s var iable i s a quantity ca l l ed the headway, or gap s i ze . Knowledge 
of the d i s t r ibut ion of th i s v a r i a b l e , then, i s of s ignal importance. 
In f a c t , i t i s poss ible to consider a lane of t r a f f i c as a sequence of 
moving gaps ( 2 2 ) . An exce l l ent presentation of certa in gap d i s t r ibu­
t ions can be found in a presentation by Buckley ( 2 ) . 
Daou ( 3 ) studied flow within platoons and suggested that headway 
,could be expressed as a l inear function of v e l o c i t y . For one-lane flow, 
he found evidence to support an assumption of a log-normal d i s tr ibut ion 
of headways. He re lated gap, S, to v e l o c i t y , u, by the equation 
where 
T - react ion time (sees) 
L = car length ( feet ) 
B = buffer distance ( feet ) 
The headway, T , . i s then 
S = T-u + L + B ( feet) (2-1) 
s 
T = -T + (L+B)/u (sees) ( 2 - 2 ) 
For the empirical data taken 
T = 1.49 + 35 / u (sees) ( 2 - 3 ) 
Expressions of capaci ty have been obtained for various speeds 
and headways, e s p e c i a l l y for the s i tuat ion in which passing i s not pos­




C = capacity of one lane in cars per hour 
V = average speed in mph 
= average minimum headway distance in feet 
Hobbs' expression for determining i s 
H d = L + l . V f TV + V*/30f (2-5) 
where 
L = length of veh ic le in feet 
V - speed in mph 
T = react ion time in seconds 
f = coe f f i c i en t of f r i c t i o n 
Herman and Potts have been leaders in the development of car-
following theor ies . In one of t h e i r papers (13) t a general discussion 
i s given of a car-fol lowing theory in which the acce lerat ion of a car 
following another car i s proportional to the r e l a t i v e v e l o c i t y and i s 
implemented af ter a react ion time T seconds l a t e r . The proport iona l i ty 
coe f f i c i en t may have several forms, namely: constant, s tep, or one in ­
verse ly proportional to the intercar spacing. The equations derived 
deal with the so -ca l l ed "follow-the-leader" s i tua t ion , in which passing 
i s not allowed. The general expression for the car following law i s 
X = <* (X - X ) (2-6) n+i x n+i n' x 
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where 
X = speed of the n̂ *1 car at time t n 
st X = acceleration of the n+i J car at the time t + T n+i 
a = proportionality coefficient ( t - 1 ) 
The follow-the-leader equation forms which have been hypothesized 
can be categorized by examining the general expression for a, the pro­
portionality coefficient. The expression for a is usually of the follow-
ing form 
« = • ^ — 7 (2-7) 
(x - X ) l v n n+i 
where 
(X^ - ) is the spacing between the lead and the following 
car 
The term 3 is a measure of driver sensitivity, typically valued at less 
than unity- Table 1 gives., for different values of m and X, the princi.. 
pal investigator for the model. 
Table 1 . Principal Investigators for Various Car-Following Laws 
m I Principal Investigator 
0 1 Herman, et a l . (13) 
0 2 Greenshield (10) 
1 2 Edie (k) 
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The fo l low-the- leader theory applies mainly to the f a i r l y dense 
t r a f f i c s i tuat ions , since interact ions between cars very nearly disap­
pear at low volume t r a f f i c flow. 
Another study by Herman, et a l . (12), of the increasing incidence 
of mult i -car pi leups showed that accidents caused by rear-end c o l l i s i o n s 
occur in two d i f ferent ways. In the f i r s t , a driver follows the car in 
front so c l o s e l y that i t i s impossible for him to avoid a c o l l i s i o n i f 
the car in front quickly dece lerates . However, other c o l l i s i o n s occur 
which involve some vehic le which was far behind the one which suddenly 
changed speed. This type accident usual ly i n i t i a t e s a mult i -car p i l eup . 
Analys is of t h i s type accident shows that i t i s dependent upon the man­
ner in which the i n i t i a l disturbance i s propagated down the l ine of 
cars . At d i f ferent speeds, the ampli f icat ion of the disturbance w i l l 
be d i f f erent . Herman suggested that other var iables are: the number 
of cars in the platoon, the intercar spacings, and the degree of d i s tur ­
bance i n i t i a t e d by the lead car. Driver s e n s i t i v i t y i s a lso important, 
though d i f f i c u l t to measure o b j e c t i v e l y . Modeling of the case of d i s ­
turbance, or "shock wave" propagation, can be of v i t a l importance in 
understanding the nature of the mult ip le -car p i leup. 
Theeden (25) assumed, that cars trave led on a road of i n f i n i t e 
length. In t h i s mathematical model, cars f ree ly pass each other. Their 
speeds are generated from a common d i s t r ibut ion . Gars were examined at 
a f ixed point from which intercar spacings were generated. He demon­
strated that passing, under certa in r e s t r i c t i o n s , followed a general 
Poisson process . 
Hydrodynamic approaches have also been proposed- An analogy is 
made between the flow of fluids and the movement of vehicular traffic-
It has been shown that, as in the case of follow-the-leader theory, the 
analogies are valid only for the high volume case- Much work in this 
area has been done by Greenberg (9), Lighthill and Whitham (17) f and 
Richards ( 2 2 ) - The results of this work can be partially summarized 
as follows 
V = U •D ( 2 - 8 ) 
s 
U = C-ln(D /D) (2-9) 
^ J 
from which 
V = C-D-ln(D./D) ( 2 - 1 0 ) 
J 
where 
V = flow rate (vehicles/hr) 
U s = space mean speed (mph) 
D = density (vehicles/mile) 
D. = jam density 
J 
C = proportionality coefficient 
The effect of buses and trucks on the speed of traffic is another 
topic which has received active study- Although no major study has been 
done on a rural road, Thorne (26) has made a study of an urban street 
in England. The space mean speed produced by the presence of buses 
traveling in the direction being considered was compared with the effect 
of cars on the same street. This study gave information on the flow 
rate which could be expected for given concentrations of cars and buses-
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As a f i n a l top ic , mention should be made of work done by Le-
vine ( l 6 ) , who formulated a design pr inc ip l e for l inear feedback control 
of the pos i t ion and v e l o c i t y of vehic les within a platoon of high speed 
v e h i c l e s . He made an analog computer va l ida t ion of his model and showed 
that the transient response charac ter i s t i c s were s tab le . This type of 
approach w i l l probably have appl icat ion for the proposed automated 
t r a f f i c system of the future. * 
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CHAPTER I I I 
See page 26. 
METHOD OF PROCEDURE 
The present research involves the modeling and study of t r a f f i c 
flow on a two-lane road. To introduce the method of research used in 
t h i s study, the general assumptions and operating rules used to model 
the system w i l l be g iven. Next, the flow diagram of the system w i l l 
be given, followed by a deta i l ed explanation of the flow components. 
F i n a l l y , a descript ion w i l l be given of the f i e l d study which was 
undertaken in order to va l ida te the simulation model. 
Description of the Model 
The general assumptions and operating rules used to model the 
system are: 
1. Each car seeks to maintain i t s desired speed but obeys 
l o g i c a l rules when following other cars . 
2. Precedence in passing i s given to that car following the 
platoon leader, in a given platoon. 
3. A car may pass only one other car at a time. 
k. The l o g i c a driver used in deciding to pass i s complex but 
can be quant i t ized into several basic components. 
5. Continuous time may be approximated by half second i n t e r v a l s . 
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On the following page i s given the flow diagram for the system. 
In the explanation which fo l lows, the symbol [] w i l l be used to denote 
a connector, to be used in trac ing the steps of the algorithm. 
The f i r s t event i s the a r r i v a l of a car. This car i s then as ­
signed a desired speed, x ( feet / second) , which i s a r e a l i z a t i o n of a 
random var iable having a normal d i s tr ibut ion with parameters u, and a 2 . 
To generate these r e a l i z a t i o n s , a method from the t ex t Computer Simula­
t ion Techniques ( 1 9 ) was used. Mathematically 
1 2 
x = u. + a- ( Y r n i " 6 ) ( 3 - 1 ) 
i=i 
where 
rn = r e a l i z a t i o n of a random var iable uniformly d i s tr ibuted 
over [ 0 , 1 ] . 
Having assigned a desired speed to that v e h i c l e , an i n t e r a r r i v a l 
time for the next veh ic le i s computed. I t was assumed that car a r r i -
va l s fol low a Poisson process, so that the i n t e r a r r i v a l time i s an 
exponential v a r i a b l e , with density function 
f (x ) = i • e " X / b ; x * 0 ( 3 - 2 ) 
= 0 ; x < 0 
where 
b = mean time between a r r i v a l s (seconds) 
-* 
Random numbers were generated v ia the m u l t i p l i c a t i v e congru-
e n t i a l method, as outlined, in Appendix B. 
This approach is ex tens ive ly discussed In reference 2 . 
Figure 3. Flow Diagram for Simulation Model 
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The i n t e r a r r i v a l time would then be given by 
t = - b . ln(rn) (3-3) 
However, a minimum headway must be spec i f ied i f cars are to 
follow other cars l o g i c a l l y . This minimum headway was chosen to be 
one-half second. The modified i n t e r a r r i v a l time would have density 
function 
f ( x ) = 1 e-(x-i)/b ; { 3 _ k ) 
b 
= 0 ; otherwise 
The modified i n t e r a r r i v a l time, t ' , would then be given by 
t ' = t + 0.5 (3-5) 
= 0.5 - b«ln(rn) 
The algorithm then increments the c lock, [10], and decrements 
the wait ing time for each vehic le by one-half second. N e x t , . i t i s de­
termined i f an a r r i v a l i s d.ue. I f an a r r i v a l i s due, then the previous 
procedure i s executed. I f , however, no a r r i v a l i s due, the algorithm 
updates the speeds of a l l vehic les currently in the system according 
to method outl ined in the remainder of th i s chapter. 
The f i r s t step of the method i s to set the var iab le "n" equal 
to the number of a r r i v a l s to date , " j " . Then, the algorithm finds which 
car i s a c t u a l l y in the n^*1 pos i t ion . I f that car has trave led seven 
The shi f ted exponential d i s t r ibut ion i s relevant for the case 
in which cars cannot pass at w i l l . For a further discussion, see ref­
erence 6, pp. ^8^-^85. 
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miles , then i t i s removed from the system, and i t s e x i t headway and 
average speed are determined. I f th i s i s the l a s t car to be examined, 
then the program pr ints out a l l s t a t i s t i c s , a f ter which the program 
h a l t s . However, i f the car being examined i s not the l a s t car to be 
examined, then the algorithm returns to [ 10]. 
I f the car being examined has trave led l e s s than seven miles , 
then i t i s determined i f that car i s the lead car in the system. I f 
i t i s the lead car, then i t s speed i s updated according to whether or 
not i t i s being passed. I f i t i s being passed, then i t maintains i t s 
speed; i f not, then i t changes speed as follows 
x = minfx + 1 , k ..) f t / s e c (3-6) n v n ' ndy ' ' 
where 
x = desired speed of the n^*1 car 
The algorithm then returns to [ 10]. 
I f the car being examined i s not the lead car, then i t i s found 
i f i t i s being passed. I f i t i s being passed, then i t maintains i t s 
speed and the algorithm returns to [20], so that the next car in the 
system can be examined. I f , however, the car i s not being passed, then 
the algorithm checks to see i f the current car i s passing another car. 
I f . i t i s passing, then i t i s determined i f the passing car i s danger-
ously close to the car ahead of the one being passed. I f i t i s in 
A car i s considered to be dangerously close to the car ahead 
of the one being passed i f the spacing between the passing car to the 




danger, then the passing car returns to the r ight lane. I f the passing 
car was a c t u a l l y ahead of the car being passed, the pos i t ion indices 
for the two cars are changed. Then the speeds of the passing car and 
the car being passed are updated according to the l og i c of Table 2, 
a f t er which the algorithm returns to [20] . 
Table 2. Modification of Speeds for Close ly 
Following Vehicles 
Speed Relation Spacing New Speed in f t / s e c 
x ^ x 
n n-i 
x ^ x 
n n-i 
x < x n n-i 
^ - 7 - x 
> -7 -x 
n 
x -Co -max(x - x ,k) 
n J n n-i 
x - C 4 • (x -x ) n * x n n - i ' 
min(x n +l , desired speed) 
Note: C 3 , C 4 s e n s i t i v i t y coe f f i c i en t s 
I f the passing car i s not in danger, then the algorithm checks 
to see i f the passing car i s s u f f i c i e n t l y ahead of the car being passed 
-* 
so that the passing car may sa fe ly return to the r ight lane. I f the 
pass i s complete, then the algorithm changes the pos i t ion indices and 
A passing car i s s u f f i c i e n t l y ahead of the one being passed 
i f the passing car i s |x | f e e t ahead of the car being passed. 
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speeds of the passed and passing cars [ 3 0 ] , according to Table 2 . I f , 
however, the passing car cannot sa fe ly return to the r ight lane, then 
i t maintains i t s speed, and the algorithm returns to [ 2 0 ] . 
I f the car being examined i s not passing, the algorithm checks 
to see i f that car i s d is tant enough from the next car so that i t can 
act independently of i t . I f th i s i s the case, then a new speed i s as­
signed to the current car according to Eq. 3 - 6 , and the algorithm would 
then return to [ 2 0 ] . However, i f the car may not act independently, 
then the algorithm checks to see i f that car i s close enough to the next 
car so that i t may be considered to be platooned with i t . I f the car 
cannot act independently of the next car, but i s not platooned with i t , 
then the current car obeys the car following law proposed by Edie (k) 
C P «x •(x - x ) 
n n fx - x ) 2 ^ n - n x n ; 
= + - N ^ ^ ' ( 3 - 7 ) 
[ n-i 
where 
C 2 = s e n s i t i v i t y c o e f f i c i e n t 
I f the car i s platooned, however, then i t i s determined i f i t 
i s wait ing to pass. This s i tua t ion corresponds to the "refractory 
period" experienced between successive decisions to pass based on environ­
mental c r i t e r i a , or to the case in which the car in the opposing lane has 
A car may act independently of the next car i f i t s intercar 
spacing exceeds |3*xnl f e e t . 
A car i s considered to be platooned with the next car i f i t s 
in tercar spacing i s l e ss than | 2 0 + f e e t . 
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not ye t passed by the. car being examined. I f the car i s wai t ing , then 
i t s speed i s updated according to Table 2, and the algorithm returns to 
[20] . I f the current car i s not wai t ing , then the algorithm examines 
s t 
the n-1 car to s e e ; i f i t i s wait ing to pass . I f th i s i s the case, 
then the car now being examined (n^*1 car) must also wai t , since prece­
dence in passing i s given to the car d i r e c t l y behind the lead car in 
any platoon. The new speed of the n ^ car would then be computed ac­
cording to Table 2, and the algorithm would return to [20] . 
I f , however, the n - l S ^ car i s not wait ing to pass, then the n^*1 
car may consider a pass . The four requirements which must be s a t i s f i e d 
are these: 
1 . The current car must have a desired speed in excess of f i ve 
percent of the current speed of the car to be passed. 
2. The car must not be in a no-passing zone. 
3- The gap in the opposing lane must be su f f i c i en t to permit 
the pass to be sa fe ly executed. 
h. The expected spacing, upon completion of the passing maneu­
ver , between the current car and the car ahead of the one to be passed, 
must be s u f f i c i e n t l y large to allow the current car to pass sa fe ly . 
The f i r s t condition i s se l f -explanatory . The second condition 
i s t es ted by comparing a random number with the percentage of no-passing 
road length. The th ird condition was examined by making use, in par t , 
of the work of Prisk (20) mentioned e a r l i e r . S p e c i f i c a l l y , the gap per­
ceived as being necessary to allow a pass was composed of three compo-
-* 
In th i s study, it was assumed that there were no no-passing 
zones. 
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nents: the distance a c t u a l l y spent in the l e f t lane, Dl, the desired 
gap between the passing car and the opposing car upon completion of the 
pass, D2, and the distance the opposing car would have traveJ^d while 
the pass was taking p lace , D3« The f i r s t component, distance trave led 
while in the l e f t lane, was assumed to be 
x • ( x - x + | x I) 
D l = n p fc1 , ? n p ( fee t ) (3-8) 
np n-i 
where 
x = average passing speed 
= Kl -x 
n 
Values computed with th i s equation c lo se ly approximate those observed 
by Prisk. 
The desired gap between the opposing car and the passing car 
upon completion of the pass, D2, as given by Prisk, and the "refrac­
tory period" he observed, T l , are given in Table 3> along with the 
values of Kl . 
The expression for D3, as given by Prisk, i s 
D3 = 2-D2/3 ( feet ) (3-9) 
The safe passing gap, then, i s 
S = Dl + D2 + D3 ( fee t ) (3-10) 
The gap in the opposing lane was generated as a r e a l i z a t i o n of 
a random var iab le from an exponential d i s t r ibut ion , whose mean value 
was chosen to be a mult iple of the mean a r r i v a l headway ( f e e t ) . 
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0 - 19 65 3-0 1.20 
20 - 29 100 3-3 1.18 
30 - 39 iho 3.6 1.16 
ho - h9 180 3.9 l . l U 
50 - 59 2h0 h.i 1.12 
60 - 69 280 h.3 1.10 
70 - - - 300 h.h 1.08 
G = rn-b-x -u (3 - l l ) avg r w ' 
where 
X a v g = m e a n d- e s ired speed in opposing lane 
\i, = measure of r e l a t i v e density of opposing t r a f f i c to main­
stream t r a f f i c 
To s a t i s f y the th ird condition, the r a t i o G / s must exceed uni ty . 
The fourth condition i s that of a safe expected f i n a l spacing 
between the passing car and the car ahead of the one to be passed. 
This f i n a l c r i t i c a l spacing was chosen to be |2-x | - f e e t . The expected 
spacing i s a function of r e l a t i v e speeds and i n i t i a l r e l a t i v e dis tances , 
namely 
x 
ES = x - x - Dl- (1 - -£-£-) ( feet ) (3-12) 
n-̂ 2 n x ' v n 
2 9 
I f the preceding four conditions were met, the car wishing to 
pass immediately assumed i t s average passing speed, and the algorithm 
then returned to [ 2 0 ] . I f , however, these conditions were not met, 
then the car wishing to pass must be assigned a wait ing time. The 
wait ing time assigned was e i ther the value Tl (refractory t ime), or 
the time required for the opposing veh ic le to pass by, whichever was 
larger . A new speed was then assigned to the car being examined ac­
cording to Table 2 . The algorithm then returned to [ 2 0 ] . 
The preceding l a r g e l y completes the explanation of the flow dia­
gram. Bookkeeping and control elements were not included in th i s d i s ­
cussion but are straightforward in nature. 
Some of the spec i f i c re lat ionships and quant i t ies of in teres t 
to be studied in th i s research are the following: 
1 . The re lat ionship of flow rate and density at highway speeds. 
2 . The re lat ionship of average speed to desired speed and 
t r a f f i c volumeo 
3. The e f f ec t of desired speed and t r a f f i c volume on the for­
mation of platoons. 
4 . The e f f e c t of desired speed and t r a f f i c volume on the amount 
of passing. 
5. The re lat ionship of the e x i t headway d i s t r ibut ion to the 
a r r i v a l headway d i s t r ibut ion . 
Experimental Design 
To answer these questions., a. f a c t o r i a l , design was.... set up. i n w h i c h 
a wide range of desired speeds was associated with varying a r r i v a l mean 
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headways and opposing mean headways. In the following f igure , desired 
speed i s represented by "A", mean a r r i v a l headway by " B " , and the mul­
t i p l e ('1,2) of the a r r i v a l which was used to obtain the mean opposing 
headway by "c". 
A 










Figure U. Experimental Design 
Some of the measured var iables are: 
1. Average platoon s ize 
2. Mean and variance of e x i t headways 
3» Average number of passes per vehic le 
k. Stream average speed 
5» Desired speed versus average speed for each car 
6. Ex i t headway for each car. 
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Fie ld Study 
To va l ida te the model, a f i e l d study was made on a two mile 
s tre tch of road on Highway 78, in Gwinnett County, Georgia, on August 2, 
1968, between the hours of 4:00 p.m. and 5:15 p»m. Four experimenters 
took part . In each d irec t ion , an experimenter attempted to drive at 
one of three desired speeds (65, 60, or 55 mph). After each run, the 
average resultant speed was recorded. Three runs were made for each 
desired speed-direct ion category. A 1964 model s ix cyl inder Chevrolet 
was used to make the runs. The lengths of no-passing zones were re­
corded. Also , the volume in each lane and the mean observed speed for 
each lane were found with the aid of an Esterline-Angus event recorder 
and an Enoscope. The simulations which were subsequently performed for 
va l ida t ion incorporated as parameters the t r a f f i c volume and no-passing 
zone values observed in the f i e l d . Mean mainstream desired speed for 
each simulation was set equal to that speed which would y i e l d a stream 
mean speed equal to that observed in the f i e l d , for the relevant d irec ­




DISCUSSION OF RESULTS 
The experimental design used to study e f f e c t s on average speeds, 
platooning, passing, and flow rates consisted of a f a c t o r i a l arrange­
ment of three independent var iab les : desired speed, mean mainstream 
headway, and mean opposing headway. Five desired speed l e v e l s , three 
mainstream mean headway l e v e l s , and two opposing mean headways for each 
value of mean mainstream headway were chosen and considered as f ixed 
l e v e l s . 
Average Speed 
The average speeds at ta ined, for each combination of headways 
and desired speeds, are shown in Figure 5. The three factor analys is 
of variance t e s t showed that the only s i g n i f i c a n t e f f e c t ( f ive percent) 
was desired speed* However, when an analys is was made by breaking out 
each l e v e l of desired speed, i t was found that mainstream headway had 
a s i g n i f i c a n t (10 percent) e f f e c t for each l e v e l of desired speed, but 
that the opposing headway had no s i g n i f i c a n t e f f e c t . The implicat ion 
of th i s resu l t i s that at ta ined speed, when passing i s permitted, i s 
more dependent upon congestion within the mainstream than congestion 
in the opposing stream. 
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Mean Desired Speed 
\ I I 
6 . 5 1 2 . 5 1 8 . 5 
Mean A r r i v a l Headway (seconds) 
Figure 5« Average Speed for Desired Speed Category 




The average platoon s i ze , for a l l combinations of speeds, main­
stream headways, and opposing headways, i s shown in Figures 6, 7> 8, 
and 9' The three factor ANOVA showed that mainstream and opposing 
headways, and the ir in terac t ion , were s ign i f i cant (one percent) , but 
that desired speed had no s ign i f i cant e f f e c t . The only case in which 
speed appears to have an important e f f e c t i s where desired speed i s at 
a low l e v e l in combination with low mainstream and opposing headways. 
The above resu l t s can be explained q u a l i t a t i v e l y . Cars entering 
the system at low headway l e v e l s are i n i t i a l l y more apt to be p l a -
tooned. Since the mainstream i s then congested, there i s l e s s l i k e l i ­
hood of being able to pass than would be the case for large mainstream 
headways. Since mean opposing headways were taken to be multiples of 
mean mainstream headways, an in teract ion of mainstream and opposing 
headways would be expected. Had the mean values of opposing headways 
been chosen independently, then the second order interact ion would 
probably not have been s i g n i f i c a n t . The fac t that headways had greater 
e f f e c t s at lower l e v e l s of desired speed i s not so e a s i l y explainable . 
One hypothesis i s that passing i s much more sens i t ive to headways when 
at low l e v e l s of desired speed than at higher l e v e l s of desired speed. 
That th i s was, in f a c t , the case i s shown in the next sect ion . 
Passing 
The average number of passes per v e h i c l e , for each combination 
of headways and desired speeds, i s shown in Figures 10, 1 1 , 12 , and 13» 
I t was found that speed and opposing headways have s ign i f i cant ( f ive 
2.00—1 
Desired Speed (mph) 
Figure 6 . Average Platoon Size When Mean Opposing Headway 





n i i i r 
20 30 ho 50 6o 
Desired Speed (mph) 
Figure 7* Average Platoon Size When Mean Opposing Headway 
= Twice Mean A r r i v a l Headway (B (seconds)) 
2 . 0 0 - J 
Figure 8 . Average Platoon Size When Mean Desired Speed = 6 0 mpn 
(Mean Opposing Headway - C Times Mean A r r i v a l Headway) 
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Figure 9» Average Platoon Size When Mean Desired Speed = 30 mph 
(Mean Opposing Headway = C Times Mean A r r i v a l Headway) 
Figure 10. Average Number of Passes per Vehicle When Mean Opposing 
Headway = Mean A r r i v a l Headway (B (seconds)) 
Desired Speed (mph) 
Figure 1 1 . Average Number of Passes per Vehicle When Mean Opposing 
Headway = Twice Mean A r r i v a l Headway (B (seconds)) 
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Figure 1 2 . Average Number of Passes per Vehicle for Mean Desired 
Speed of 60 mph. (Mean Opposing Headway = C Times 
Mean A r r i v a l Headway, B (seconds)) 
F i g u r e 13. A v e r a g e Number o f P a s s e s p e r V e h i c l e f o r Mean D e s i r e d 
Speed o f 30 mph. (Mean Opposing Headway * C Times 
Mean A r r i v a l Headway, B ( s e c o n d s ) ) 
43 
percent) main e f f e c t s , while mainstream headway had no s ign i f i cant ef­
f e c t . A second order interact ion of mainstream and opposing headways 
was also found to be s ign i f i cant (10 percent) . 
Considering the e f f e c t s of speed and opposing headways, i t i s 
seen that, as the l e v e l of desired speed i s decreased, the amount of 
passing i s increased. I t may be argued that, at high l e v e l s of desired 
speeds, cars follow other cars at larger distances and that they seek 
higher f i n a l intercar spacings a f ter having passed other v e h i c l e s . For 
a given r e l a t i v e speed, then, i t would take more time to overtake another 
car and return to the r ight lane when speed i s at a high l e v e l than when 
speed i s at a lower l e v e l . I t would seem, upon examination of Figures 
10 and 1 1 , that the e f f ec t of speed i s approximately quadratic in t h i s 
regard. Examination of Figures 12 and 13 shows that the e f f ec t of op­
posing headways i s markedly d i f ferent for low l e v e l s of speed than for 
high l e v e l s of speed. For low speed l e v e l s , there i s a wide divergence 
between the amount of passing for small opposing headways and the amount 
of passing for higher opposing headways, while at higher speeds, the 
values tend to converge. This fac t strengthens the argument that the 
e f f ec t of opposing headway i s more s ign i f i cant for lower l e v e l s of speed 
than for higher levels*, of speed. 
Flow Rate 
The best f i t curves for flow rate out of the system are shown 
in Figures ik and 15° Figure ik shows flow rate when mean opposing 
headways equal mean mainstream headways, while Figure 15 shows flow 
rate when mean opposing headway equals twice the mean a r r i v a l headway. 
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Figure 1^. Flow Rate When Mean Opposing Headway = Mean A r r i v a l Headway 

There i s no apparent difference in the magnitudes or shapes of the two 
curves. This leads to a hypothesis that opposing headways have l i t t l e 
e f f e c t in determining the flow ra te , for low and intermediate dens i t i e s . 
The data also revealed that mean output headway was, for each simula­
t ion , very nearly equal to the mean a r r i v a l headway, while for a given 
mean a r r i v a l headway, speed had l i t t l e e f f e c t in determining the mean 
output headway or flow ra te . This re su l t implies that the flow rate 
out of the system i s approximately equal to the flow rate into the 
system,. Considering the r e l a t i v e l y large input mean headways considered 
in t h i s study, th i s resu l t i s not surpris ing. 
The obtained curves agree, general ly , with the empirical obser­
vations for l i g h t and intermediate flows, although the empirical obser­
vat ions made by the Road Research Laboratories y ie lded s l i g h t l y larger 
l e v e l s of flow for the low volume case. This agreement i s f e l t to be 
in p a r t i a l va l idat ion of the simulation model. I t must be kept in mind, 
however, that the empirical observations were made under a no-passing 
environment. 
In Figures l6, 17 , -18 , and 19 are p lo t t ed the d i s tr ibut ions of 
ex i t headways observed for simulations involving mean desired speeds 
of 30 and 60 miles per houi:*, in combination with mean a r r i v a l headways 
of 6.5 and. 18.5 seconds. An examination of these curves shows t h a t , as 
s tated e a r l i e r , speed and opposing headways have l i t t l e e f f e c t in de­
termining the ex i t headway (f low). The differences between the shapes 
of the a r r i v a l and e x i t headway d i s tr ibut ions are more dramatic for 
the case of small a r r i v a l headways than for large a r r i v a l headways. 
Figure l6. Ex i t Headway Distr ibut ions When Mean A r r i v a l Headway 
= 6 . 5 Seconds and Mean Desired Speed = 30 mph. 
(Mean Opposing Headway = C Times Mean A r r i v a l Headway) 
Figure 17. Exi t Headway Distr ibut ions When Mean A r r i v a l Headway 
= 18.5 Seconds and Mean Desired Speed = 30 mph. 
(Mean Opposing Headway ~ C Times Mean A r r i v a l Headway) 
Figure 18. Ex i t Headway Distr ibut ions When Mean A r r i v a l Headway 
= 6 . 5 Seconds and Mean Desired Speed = 60 mph. 
(Mean Opposing Headway = C Times Mean A r r i v a l Headway) 
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Figure 19. Ex i t Headway Distr ibut ions When Mean A r r i v a l Headway 
= I8.5 Seconds and Mean Desired Speed = 60 mph. 
(Mean Opposing Headway = C Times Mean A r r i v a l Headway) 
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The decreased p o s s i b i l i t y of passing when mainstream headways are small, 
causing cars to be more permanently platooned, i s one reason why there 
i s such a large concentration of small ex i t headways for the case of 
small a r r i v a l headways. Addi t iona l ly , cars are i n i t i a l l y at smaller 
spacings for the high volume case. 
The shape of the e x i t headway d is tr ibut ions compares favorably 
with observed d i s tr ibut ions and with certa in d i s tr ibut ions proposed by 
t r a f f i c flow t h e o r i s t s . For a comparison, see Buckley (2) . 
F ie ld Study Val idat ion 
The resu l t s of the f i e l d study are summarized in Table 4. The 
theore t i ca l values were derived by performing three separate simula­
t ions for each d irec t ion of t r a v e l , with each simulation run being based 
on a d i f ferent random number seed. The theore t i ca l average atta ined 
speed, for a given desired speed, was obtained by sampling each simula­
t ion r e s u l t . The attained speed, which was paired with each pert inent 
desired speed, was used to obtain the t h e o r e t i c a l attained speed values 
shown for each direct ion of t r a v e l . 
The average error between the f i e l d study data and t h e o r e t i c a l 
resu l t s i s 1.5 miles per hour o v e r a l l . Through further f i e l d study, 
the accuracy of the model could be more c lo se ly determined. 
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Table 5° Values of F ie ld Study Parameters 
Eastbound Westbound 
Stream Mean Speed 
No-passing Zones 









CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The discussion in Chapter IV and the conclusions drawn therefrom 
must be considered only within the context of the p a r t i c u l a r system 
which was defined in t h i s research. S p e c i f i c a l l y , the discussion in 
t h i s chapter i s based on a system that was i n i t i a l l y empty and for 
which s t a t i s t i c s were computed for a r e l a t i v e l y small number of veh i ­
c les (two hundred). In summary, the data r e f l e c t the assumptions and 
l imi tat ions mentioned previous ly , and the s t a t i s t i c s probably r e f l e c t 
transient e f f e c t s . With th i s statement as a preface , the following 
conclusions are made. 
For a l l volume re la t ionsh ips , both average platoon s ize and 
amount of passing w i l l be at the ir lower l e v e l s when stream mean speed 
i s at a high l e v e l . Passing i s decreased at high speed because drivers 
then seek higher intercar spacings. The e f f e c t of the opposing headway 
on the passing s i tuat ion i s much more evident for the low speed case 
than for the high speed case. Since r e l a t i v e l y l i t t l e time i s required 
to pass at low speed, the primary determinant of passing i s probably 
the amount of t r a f f i c in the opposing lane, for the low speed case. 
For the high speed case, the e f f e c t of opposing t r a f f i c on passing i s 
s l i g h t . 
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I t i s obvious that attained speed i s dependent on desired speed. 
I t was found, however, that the only other s i gn i f i cant e f f e c t on speed 
was volume of t r a f f i c in the mainstream. I f t h i s i s the case, then i t 
would seem that highways are in fer ior to expressways only in the volume 
of t r a f f i c that can be accommodated. 
The maximum flow rate i s achieved for intermediate dens i t i e s . 
In general , increases in density and,•hence, the flow rate , are achieved 
only through a decrease of speeds and mainstream headways. The speed 
l imi t could be made var iable and set inverse ly to the volume rate of 
t r a f f i c a r r i v a l s to achieve a high flow ra te . 
While mean e x i t headways approximately equaled mean a r r i v a l 
headways, the shape of the headway d i s t r ibut ion changed dramatical ly 
as the cars moved over the simulated road course. This difference was 
e s p e c i a l l y noticeable for heavy flows, r e f l e c t i n g the platooning that 
occurs under these conditions. 
Re commendations 
Further study of the topics pursued in th i s research should be 
made in order to eliminate some of the shortcomings of th i s study. In 
s p e c i f i c , the system should be i n i t i a l i z e d before s t a t i s t i c s are gathered 
on subsequent v e h i c l e s . Also , i t i s advisable that other a r r i v a l head­
way d i s tr ibut ions be considered for use as input to the model. One 
d i s t r ibut ion that might be considered i s the e x i t headway d i s t r ibut ion 
as shown in any of Figures l 6 , . 1 7 , 18 , or 19 in Chapter IV of t h i s 
research report . 
The simulation program used for the present research gives traces 
55 
of the number of cars past each of e ight equal ly spaced (200 feet ) 
po ints , at equal ( f ive second) in terva l s of time. By examining t h i s 
set of t races , i t i s poss ible to determine the charac ter i s t i c s of d i s ­
turbance propagation, such as speed of propagation and time required t 
damp out the disturbance. These charac ter i s t i c s could be studied unde 
varying l e v e l s of speed, headways, and driver s e n s i t i v i t i e s . Although 
the study would be quite l arge , many of the questions examined by pre­
vious researchers could be answered within a system context. 
Another area to be considered i s the nature of an indiv idual 
dr iver ' s behavior as he reacts under d i f ferent s e n s i t i v i t i e s or speeds 
of react ion. Using the resu l t s of the study outl ined in the previous 
paragraph, i t would be poss ib le to then discuss a "l imiting variance" 
element which would be the maximum allowable variance element that 
could sa fe ly be allowed in highway t r a f f i c . By appropriate driving 
t e s t s , a dr iver ' s variance, or s e n s i t i v i t y , could be measured and com­
pared with the "l imiting variance ," to determine i f i t were safe for 
that driver to drive in highway conditions. 
As a f i n a l top ic , consider the p o s s i b i l i t y of a network t r a f f i c 
study. Using t o t a l flow through the network as a c r i t e r i o n , speed-
volume re la t ions could be establ ished to maximize that c r i t e r i o n . A l ­
though much work has been accomplished in t h i s area by operations re­
search methods, a simulation study could add credence to the resu l t s 




COMPUTER PROGRAM AND TYPICAL OUTPUT 
BEGIN 
I N T E G E R Bi P D E N S I T Y ^ C# P A S T P G P NEXTP Jp F*S^ ZP MUPDEVPUPP^P J P K ^ P P M*UP 
P A S S P N U M P P L A T I P B I P T U N I T P R I I 
R E A L V p V 2 8 p N J p N 2 p N 3 p N 4 p C i p C 2 p G 3 p C 4 p C 5 p C 6 p 0 U T A p F A C f P O E N O M P N O R M P T O T E L * 
T O L Y P I N T P R P C T P K 1 P T 1 ' T 2 P D 2 P D 3 P D t p A C L * C H O I C E * S A F E G A P P V A R P G A P P 
C L I C K P C L O K I P C L O K S P C L O C K P R N * A T Q T L P A I O O P E A C H P P U A T P C I A C K P M E A N ) 
R E A L A R R A Y T I M E P A V G P E N T R Y P T H R U P D E C I S I O N * D A N G E R * D E S P A C T P D I S T P W A I T P 
T W A I T P0U T0F P M I L C0 8 2 0 1 3 ^ P T t O l 9 p O 8 2 O O a p A X r 0 8 9 p O ? 6 O O ] | 
I N T E G E R A R R A Y S P D t 0 n 0 O 0 ] p F L I P p F L A P p C A R p U N I T r O 8 2 0 n p X T p P X C O ? 9 ] l 
S T R I N G AC 1 2 0 ) J 
L I S T L S ( N l p N 2 p N 3 p N 4 3 p L l S T l C N > C A R C N 3 p T l M E C C A R i : N 1 ] p O U T 0 F £ N 1 p M l L C C A R C N n p 
A V G C C A R C N 3 ] p T W A I T C C A R [ N 1 3 ) p L I S T 5 C A i O O p A T 0 T L # P l A T p P A S S p M E A N p V A R ) ; 
F O R M A T A S Z C S 1 2 0 P A 1 O O ) P 
F O R M I C " * F I N I S H ; CAR I N T E R A R R I V A L E X I T DESIRED AVERAGES 
« T I M E " P A U 0 P " P 0 S 1 T I 0 N NR T I M E ? H E A D W A Y " p 
" S P E E D S P E E D D E L A Y E D " * A l oOP 
X 1 7 P " « S E C S - - S E C S ^ - M P H ^ «MPH?» " S E C S - " * Al , 2 3 P 
F l C X 3 p I 3 p X 2 p I 3 p X 7 p D 4 0 l p X 7 p D 4 a l p X 4 p D A o l * X 4 p D 4 > l > X 4 p I 4 p A l 9 0 ) p 
F 2 C X 4 P " * " P X 4 P ^ - " > X 8 P X 3 P X 8 P I 3 P X 5 P D 4 e 1 * X 4 * D 4 G 1 * X 4 P I 4 P A 1 O 5 ) P 
F 0 R M 5 C " A V E R A G E D E L A Y F O R A L L C A R S * " P 1 5 * r S E C O N D S ? * A 5 e 2 * 
" A V E R A G E D E L A Y F O R T H O S E D E L A Y E D » " > I 5 P * S E C O N D S " * A l i 2 * 
" A V E R A G E P L A T O O N S I Z E * " P D 5 V 2 » * C A R S ? * A 1 * 2 P 
" A V E R A G E NUMBER O F PASSES P E R V E H I C L E * " P D 5 V 2 P A l d 2 * 
"MEAN I N T E R A R R I V A L ? TIME = " P I 4 P " S E C O N D S * * A l * 2 P 
" V A R I A N C E * " P 1 5 * A l * 5 ) j 
NEXT* 1 5 j C L 0 K 2 * i ; M * ( 2 * * 1 1 ) - l J R J * 1 3 5 7 9 j R * C 2 * * 5 « 5 } * 3 J 
P X C O 3 « 1 6 0 O O ; 
F O R N=( 1 P 1 p 8 ) DO P X C N J = » P X C N * 1 3 + 2 0 0 J 
V A L U E S O F I N D E P E N D E N T V A R I A B L E S , 
M U a 8 8 j D E V s 8 v 8 | B t a ' 6 l C 5 a l , 7 J 
C l a n 0 l C 2 = C 3 a 0 f f 5 ! C 4 s 0 v 3 l C 6 = ¥ 2 5 ) 
D E N S I T Y a M U * C B l + 0 9 5 ) ; 
C H E C K T O S E E I F A R R I V A L I S D U E 
BOOKS C10CKSMIN(CL0K1PCL0K2) I 
IF CLOCK EQL CLOKi THEN GO TO ARVL ELSE GO TO CHECK! 
ASSIGNMENT OF DESIRED SPEED TO CURRENT ARRIVALe 
A R V L U F J E Q U 200 THEN BEGIN CL0CKaCL0K2! GO TO CHECK END! 
JaJ^U CAR[JJ=J! ENTRYfdJsCLOCKJ 
FOR N 3 < U l n t 2 ) DO BEGIN 
RIsM0DCR*RIi>M5l RN=RI/M I NORM~NORM+RN END! 
N0RMsN0RM-*6! 
DESC J]-MU*NORM*DEVI MIL! jJ=DEStvJ3ftC3600/52803! NQRM-O! 
I F TIMEtJ] LSS 3 AND J GTR I AND DESCJ] LSS ACTIJ^U THEN 
ACTtJlaDESlJ3*0.5*(DEStJ3«ACT£J-l3 )ELSE ACTC JJ*DESCJ3! 
RIsM0DCR*Rl*M3! RN=RI/M! 
ASSIGNMENT OF ARRIVAL TIME FOR NEXT ARRIVAL© 
CLACK=O e 5-Bx*LNtRN)! TIMEtJH J*CLACK! 
CLOKl=»CLOKi*CLACK! 
GOTO BOOK) 
BEGIN UPDATING OF SPEEDS FOR ALL CARS, 
CHECK! IF CLOCK EQL NEXT THEN BEGIN 
ROUTINE TO GENERATE TRACE OF NUMBER OF CARS PAST POINTS ON ROAD 
1*1+1! 
FOR F = ( H b 8 ) DO BEGIN 
FOR S = <Ut*J> DO XTIF1*XTEF3+PTCF*S3! 
AXCF»IJsXTCF3l XTtFl*0 END! 
NEXT*NEXT+10 END! 
EXAMINE NEXT CAR IN LINE* 
S I P * NsNro13CsCAR[N]J 
R O U T I N E T O T R A C E S P E E D OF S E L E C T E D V E H I C L E , 
I F C EQL 100 T H E N B E G I N 
I F M 00 C C L 0 K 2P2) E Q L 0 T H E N B E G I N 
V = E N T I E R ( C C L O K 2 « » E N T R Y C C ] 5 / 2 5 l S P D C V 3 = A C T E C 3 E N D * E N D * 
R O U T I N E T O F I N D W H I C H C A R I S A H E A D OF T H E C A R NOW B E I N G E X A M I N E D © 
I F B I + 2 G E Q N T H E N K = C A R C N " ! 3 E L S E 
I F F L A P C C A R C N ^ - 1 3 3 E Q L 0 T H E N K * C A R I N * 1 ] E L S E 
I F D I S T C C A R C N - 2 3 3 » D I S T C C A R [ N - 1 3 3 G T R 0 T H E N K ^ C A R C N - 1 3 E L S E 
K = C A R C N * 2 31 
D E C R E M E N T W A I T I N G T I M E OF C A R C N 3 o 
D E C l S I O N C C 3 5 » D E C l S I O N C C 3 - ' O a 5 ; W A l T C C 3 = W A I T t C 3 " * 0 9 5 ) 
I F D I S T C C 3 G E Q 3 7 0 0 0 T H E N GO T O T E L L E L S E GO T O S E E J 
C A R C N 3 H A S T R A V E L E D S E V E N M I L E S ! C O M P U T E S T A T I S T I C S , 
T E L L S I F N E Q L 1 T H E N C L I C K r C L 0 K 2 J 
D I S T C C 3 * D I S T C C 3 + 1 0 0 0 } 
T H R U C C 3 * C L O K 2 " » E N T R Y C C 3 ) 
A V G C C 3 a C 3 7 0 0 0 * 3 6 0 ) / C T H R U C C 3 * 5 2 8 ) ; 
O U T O F C N 3 « C L O K 2 * C L I C K ; 
B I * B I * 1 J . C L I C K = C L 0 K 2 ; 
F L I P C C 3 * F L I P I K } = F L A P C C 3 = W A I T C C 3*W A I T C K 3=D A N G E R C C 3 » D A N G E R C K 3*0) ' 
I F C E Q L 100 T H E N 0 U T A = C L 0 K 2 ; 
I F B I E Q L 2 0 0 T H E N GO T O R E L A X E L S E GO T O G E E * 
A L L C A R S T O BE E X A M I N E D A R E O U T OF S Y S T E M I 
P R I N T S T A T I S T I C S A N D T R A C E S e 
R E L A X ? W R I T E C F O R M ! ) j 
FOR Na(ipU2003 DO W R I T E C . L f S T i p F l ) I 
FOR: N = Cipipl20) 0O:ACN] = W ; W l 
FOR N=SC1P1P80) DO ACN3 a***; 
WRITECA*ASZ5I 
FOR NaCipi #2005 DO BEGIN 
n i = n h t i m e c n i / 2 o o ; 
N2=N2+0UT0FCNl/200; 
N 3 a N 3 + M I L t N l / 2 0 0 J 
N4SN4+AVGCNJ/200 END; 
WRITECL5PF2); 
FOR N*U*1P : 200>) DO BEGIN 
TUNIT«TUNIT*UNITCN]I 
T O T E L * T O T E L * T W A l T I N ] END! 
A T O T L ' fOTEt / T U N I T l 
A100ST0TEL/200I 
P C A T a P L A T / N U M ) 
MEAN*N2; 
PASS=PASS/200* 
FOR N=U>1P200) DO VARPVAR*CMEAN-0UTQF£N3)**2/2Q0 
WRITE<LIST5PFQRM5)I 
FOR F = <1 * 1P I) DO BEGIN 
FOR L * < 1 P 1P 1 2 0 ) DO ACL 3=*» * ; 
IF MODCFPS) EQL 0 THEN FOR\.L*C 1 * 1>99 ) DO A C L J a W * w 
FOR P»(1P1P8) DO BEGIN 
G = AXCPPF1 + U 
IF G GTR 100 THEN GsG - 1 0 0 ; 
a c g i * P e n d ; 
w r i t e c a s Z P A ) e n d ; 
v s e n t i e r c c o u t a - e n t r y c 1 0 0 3 )/2) ; 
FOR K=<1p1PV) DO BEGIN 
FOR N = (1P 1 P 120 3 DO ACNJ = " * ; 
G«ENTIER«SPDCK]*0 968) ; 
A C G l = " e " ; 
w r i t e u p A s z ) e n d ; 
GO t o zoom ; 
TERMINATE P R O G R A M AT ADDRESS ZOOM* 
G E E ? IF B I H GEO N THEN GO TO TERM! ELSE GO TO SIP J 
S E E ? IF B U i GEQ N THEN GO TO TERM1 ELSE GO TO MORE ! 
LEAD CARS UPDATE SPEED AND INCREMENT CLOCK* 
TERM! 8 IF FLIPCC 3 E Q L 0 THEN ACTrCi»MlN<DEStC<]#.AC'TtC3 + -l)l 
DlSTCC^aDISTCCa+005*ACTCC3l CL0K2sCL0K2*Q*5J 
IF CL0K2 EQL NEXT THEN BEGIN 
DETERMINE COUNT OF NUMBER OF CARS PAST POINTS ON ROAD« 
N = J + 1 ! 
N*N«i; F SZ~1! C^CARCN3! 
FOR F=F WHILE DISTCC3 GEQ PXCZ3 AND Z LEQ 8 DO BEGIN 
P T L F P N I S I ! F*ZsF*l END! 
i f n eql 1 then go to stp else go to ksip ! 
end; 
go to book ! 
return to "book" to check for new arrival* 
OATA RELEVANT TO PASSING REQUIREMENTS 1 
MORE! CT*ACTEC3*0o68 I 
IF CT LSS 20 THEN BEGIN 
Kl=io20! Tl=3,0; D2*65! GO TO LI END! 
IF CT LSS 30 THEN BEGIN 
KlalelS! Tl*3<>3! D2=100! GO TO LI END! 
IF CT LSS 40 THEN BEGIN 
KUU16J Tl*3<,6! 02=140! GO TO LI END! 
IF CT LSS 50 THEN BEGIN 
Kl«l e 14! Tl=3 e9! D2S180! GO TO LI END! IF CT LSS 60 THEN BEGIN 
is e v a o n o i r e 
STPI 
Kl = lot2* -Y1:*<UU • 02*2401 GOTO L I END* 
I F C T L S S 70 THEN BEGIN 
KisiUO) •Tt»4v2? D2#280P GO TO Li END* 
IF CT GEQ 70 THEN BEGIN 
Kl=l 008l Tl»4o3l-02*3001 GO T O L I END* Li * IF ACTCC3-ACHK3 LSS 10 AND Ki*ACT[C3*ACTCK3 NEQ 0 THEN 
T2s(DISTCK ] -DISTCCa+ACTCC] 3/CKlftACTEC3-ACTCKl) ELSE BEGIN 




IF DISTCK J»DISTEC 1 EQL? 0 THEN DEN0M=1 ELSE DENOMaDIST C K 3*01 ST IC JJ 
ACLSC2*ACTEC3*<ACTCK3-ACTCC3 )/DENQM**2 I 
CH01CE*MlNtDE5CCl»ACT[Cft+ACL) I 
IF 01S T E K 3 • DIS T C C 3 LSS 0 07*ACTCC 3 AND ACT CC 3 GEQ ACTEK 3 THEN 
C T S A C T E C 3 * C 3 * M I N C A C T E K 3 - A C T E C 3 P ! = ' 4 0 ELSE 
IF ACTCC3 GTR ACTIK3 THEN CT*ACTCC3*C4*CACTCK 1-ACTCC3) ELSE 
C T S M I N C D E S C C 3 P A C T C C 3 + 1 ) r 
IF WAITCC3 G T R 0 AND FLXPEC3 EQL 0 OR DECISI0NCC3 GTR 0 THEN 
TWAITCC3 = TWAITEC 3*0*5j 
IF DECISI0NCC3 GTR 0 THEN BEGIN 
ACTCC3sCT) OISTCCl=DISTEC3+Oo5*ACTCC3) 
GO TO SIP END J 
IF WAITCC3 LEQ 0 THEN BEGIN FLIPCC3=0; GO TO TEST ENDI 
IF WAITEC3 GTR 0 THEN BEGIN 
IF FLIPCC3 EQL 0 THEN BEGIN 
WAITING TO PASSl UPDATE SPEED, 
ACTCCTSCT* DISTEC3=DXSTtCl+0,5*ACTtC3l 
GO TO SIP END J 
IF FLAPCC3 EQL 1 THEN BEGIN 
I F BI+2 GEQ N THEN BEGIN 
PASSING! NOT IN DANGERI MAINTAIN SPEED, 
ON 
OO 
DISTCC5°DiSTCĈ0o5*ACTCC]r GO TO SIP END I IF FLAPUAREN»23 j EQL 0 THEN Z=CAR[N-21 ELSE BEGIN IF DIST£CARCNbs3]J»DISTCCAR5:N«»231 GTR 0 THEN Z=?CARCN«23 ELSE ZsCAHrN-33 END I IF DISTCZ3-DISTCCJ GEO AGTIC 3 THEN BEGIN PASS COMPLETE? NOT IN DANGERJ CHANGE POSITION INDICES AND UPDATE SPEDo IFS DISTC'3-DISTtK3 GEQ ACTIC3 THEN BEGIN DISTCK}sDISTCK3 4"0o5*ACT[C3 J PASS=PASS+1 J CARCN3=K I CARTNM3SC J DANGER!C3a DANGER!K3=0! WAITtC3aWAITCK}=FLIPCCl*FLIPCK3=FLAPtC3=0 I GO TO SIP END ELSE BEGIN 
PASSINGS NOT IN DANGER ? MAINTAIN SPEED* DlSTIC3iDISTICl+Oe5*ACTtC3; GO TO SIP END! END! PASSINGS IN DANGERS CHANGE POSITION INCICES IF AHEAD OF CAR BEING PASSED AND UPDATE SPEED, IF DISTtK3*DISTCC3 GEQ 0 THEN BEGIN WAlTCC3 = WAIT£K3 = FLIPtC0 = FHPCKa=»O! DANGERCC3=il ACTCĴCT ! 0I$TtCI=DISTtC3+0*5*ACTCCI! GO TO SIP END ELSE BEGIN PASS*PASS+1! DANGERtKI=lI IF ACTCZ3 LSS ACTCCI THEN ACTCCT-ACTCC3-tt5*CACTCC1-ACTCZ3) ACTtKJ=MIN(ACTECl*2pACTCK3-23! DISTCK}»DISTEK3*0«5*ACT£K1! WAITCC3=WAITCK1»FLIP£Ca-FLIPCKa=FLAPCC3aO ! CARCNJsK! CAR£N-U*C ! GO TO SIP END ENO ELSE 
BEING PASSED* MAINTAIN SPEED UNLESS PASSING CAR IS IN DANGER* 
IT B H 2 LSS N THEN BEGIN 
IF FLAPICARCN-11] EQL 0 THEN Z sCARtN»t3 ELSE BEGIN 
IF DISnCAR£Ne>213«'DlSTi;CARlN«,i33 GTR 0 THEN ZsCAR[N<"l3 
ELSE? ZsCARCN^-23 ENDI 
IF DISTCZ3-DISTCC3 LSS i o 4*ACTtC 3 THEN ACTtC3 = ACTCC3«2 I 
DISTCCi=DISTIC3+O e5*ACTtC3; GO TO SIP END ELSE BEGIN 
DISTlC3 s»DIST[C3*Oo5*AcTCC3; GO TO SIP END END J. 
TEST ! IF WAIT!CI LEQ 0 AND FLAPtC] EQL"1 THEN BEGIN 
PASS COMPLETE! CHANGE POSITION INDICES AND UPDATE SPEED. 
DANGER!C3aDANGERCK3=01 
PASS =PASS*1I 
W AITIC1 s W AI T C K 3 ̂  F LIP i C3-F LIPIK 3 s F L A P C C 3 sO ) 
DISTCK3=DISTCK3+0 9 5*ACTCK3I 
CARCN3=K I CARCN-13*C I 
GO TO SIP END I 
EXAM! IF DISTCKl^DISTCCa GEQ 3*ACTCC3 THEN BEGIN 
NOT FOLLOWING NEXT CAR! UPDATE SPEED« 
ACTCC3=MINCACTIC3+1*DESCC3) ^ 
DISTCC3=DIST£C3+0,5*ACT[C3 I 
PLATsPLAT+PLATll PLAT1*1J NUM*NUM+l ) 
GO TO SIP ESD I 
IF DANGERCK3 EQL? 1 THEN BEGIN DANGERCK3=0 I FACT*1U END 
ELSE FACT aO« 91 
IF DISTCK3-DISTtC 3 GEQ 20 + FACT*ACTCC3 THEN BEGIN 
FOLLOWING NEXT CAR BUT NOT PLATOONED WITH ITS UPDATE SPEED* 
ACTIClsCHOXCE I DISTlC3sDlSTCC3*0*5*ACTtCa; 
PLAT = PLAT + PLATU PLAT 1 = 11 NUM*NUM+1 I 
G O T O S I P E N D J 
T R Y 8 P L A T L S P L A T L + n 
P L A T O O N E D S I F N E X T C A R I S N O T W A I T I N G T O P A S S * T H E N 
H A K E D E C I S I O N ( S E E B E L O W ) T O P A S S * O T H E R W I S E U P D A T E S P E E D , 
I F W A I T C K ] L E O 0 T H E N G O T O R U L E I 
W A I T [ C 3 * W A I T £ K 3 - 0 . 5 J 
U N L T C O S T ; A C T C C 3 » C T I D L S T T C 3 « D I S T C C 3 * 0 , 5 * A C T C C 3 J 
G O T O S I P ; 
P A S S I N G C R I T E R I A ! 
R U L E I I F D E S T C L L S S 1 . 0 5 * A C T T K 3 T H E N B E G I N 
A C T T C 3 * C T J W A I T C C 3 « T U U N I T I C 3 » 1 J 
D I S T T . C 3 * D I S T £ C 3 + 0 . 5 * A C U C 3 ) 
G O T O S I P E N D ) 
I F B I * 2 G E Q N T H E N G O T O R I D I 
I F F L A P C C A R C N - 2 1 3 E Q L 0 T H E N Z * C A R C N « " 2 3 E L S E B E G I N 
I F D I S T E C A R C N - 3 3 3 - D I S T C C A R C N - 2 3 3 G T R 0 T H E N Z * C A R I N * 2 3 
E L S E Z A C A R C N - 3 3 E N D J 
I F O I S T C Z 3 * A C T C Z 3 * T 2 L E Q O I S T T C 3 + D 2 * 2 * A C T C C 3 T H E N B E G I N 
A C T C C 3 = C T J D I S T C C 3 « D I S T C C 3 * 0 , 5 * A C T C C 3 J U N I T I C 3 » 1 I 
0 E C I S I O N C C L » T T ) 
G O T O S I P E N D ) 
R I D L R I * M O D ( R * R I # M ) J R N * R I / M J 
I F R N L S S C 6 T H E N G O T O C A N T I 
R I * M O D C R * R I . M ) J R N * R I / M ) 
G A P = - C 5 * R N * D E N S I T Y J 
V 2 8 S G A P / S A F E G A P J 
I F V 2 8 G E Q C I T H E N 6 0 T O F L Y J 
P A S S I N G C R I T E R I A N O T M E T I U P D A T E S P E E D . 
C A N T * A C T C C 3 * C T I 
W A I T C C 3 * M A X ( 6 A P / ( A C T T C 3 + M U ) # T L ) J 
D I S T T C 3 * D I S T C C J + O T 5 * A C T T C 3 J 
G O T O S I P * 
P A S S I N G C R I T E R I A M E T ? A S S U M E A V E R A G E P A S S I N G S P E E D , 
FLY8 A C T C C 3 * K 1 * A C T [ C I ) 
M A I T C C 1 « T 2 J 
W A I T t K l = T 2 + 0 . 5 J 
F L I P C C 3 s F L I P C K ] s F L A P C C J * 0 I 
D I S T C C l » D I S T C C 3 + O o 5 * A C T C C 3 ; 
D E C I S l O N C C 3 s D E C I S I O N C K 3 = 0 ) 
G O T O S I P % 
Z O O M S E N D O F P R O G R A M ) 
T E R M I N A T E P R O G R A M , 
OA 
- 3 
Typica l O u t p u t Data 
Mean Desired Speed = 60 mph 
Mean A r r i v a l Headway = 6.5 seconds 
Mean Opposing Headway = 6.5 seconds 
FINISHCAR POSITION NR INTERARRIVAL TIME -SECS-
EXIT ~DESIRED HEADWAY SPEED •SECS- -MPH-
AVERAGE TIME SPEED DELAYED -MPH- -SECS-
1 1 0»0 0.0 6 5 . 9 6 5 . 7 0 
2 2 7«0 1 . 0 6 8 . 7 6 6 . 7 230 
3 3 «9 4 7 , 0 5 9 . 6 5 9 . 5 4 
4 4 o7 • 5 6 3 . 8 5 9 . 5 376 
5 5 2c>6 1 9 . 5 5 7 . 3 5 7 , 2 0 
6 6 2,,0 1 . 5 5 9 . 1 5 7 . 3 364 
7 7 8*7 1 . 0 6 8 . 7 5 8 , 3 304 
8 8 6<, 7 1 . 0 6 4 . 3 5 9 . 1 2 7 5 
9 9 2,,Q 9 .0 5 8 . 3 5 8 . 1 0 
10 10 2 . 3 1 8 . 0 5 6 . 1 5 6 . 1 0 
1 1 1 1 1 . 3 1 . 0 6 0 . 4 5 6 . 1 395 
1 2 1 2 5*0 1 . 5 6 3 . 8 5 6 . 6 322 
1 3 1 3 12 , , 8 4 5 . 5 5 2 . 7 5 2 . 7 0 
1 4 1 4 7 , 2 "'" 1 . 0 6 5 . 5 5 3 . 4 396 
1 5 1 5 2 . 7 1 . 0 6 0 . 5 5 3 . 6 323 
1 6 1 6 7 , 9 1 6 . 0 5 2 . 7 5 2 . 7 0 
1 7 1 7 7*2 1 . 0 6 5 . 5 5 3 . 4 399 
1 8 1 8 2 . 7 1 . 0 6 0 . 5 5 3 . 6 328 
1 9 1 9 7 , 9 1 . 0 5 6 . 1 5 4 . 3 2 1 5 
20 20 1 . 3 1 . 0 6 3 . 9 5 4 . 4 382 
* I 2 1 1 . 6 1 . 5 5 7 . 3 5 4 . 4 353 
22 2 . 0 1 . 0 5 9 . 1 5 4 . 5 358 
23 23 8 , 7 1 . 0 6 4 . 7 5 5 . 4 333 
*4 24 8 , 1 3 2 . 0 5 2 . 7 5 2 . 7 0 
25 25 7 . 2 1 . 0 6 4 . 7 5 3 . 4 397 
26 26 ' 8 . 1 1 . 0 5 6 . 1 5 4 . 2 205 
27 27 1 . 3 1 . 0 6 3 . 9 5 4 . 2 410 
28 28 1 . 6 1 . 0 5 7 . 3 5 4 , 3 328 
29 29 2 . 0 1 6 . 0 5 2 . 7 5 2 . 7 0 
50 30 7 . 2 1 . 0 6 5 . 5 5 3 . 4 399 
3 1 3 1 1 . 0 1 .0 5 6 . 5 5 3 . 4 308 
3 2 ' " " 3 2 " 8 . 9 1 . 0 6 3 . 8 5 4 . 3 358 
33 33 1 2 . 8 1 . 5 6 1 . 3 5 5 . 6 228 
34 34 1 2 . 1 3 1 , 5 5 3 . 4 5 3 . 4 0 
35 35 1 5 . 8 1 . 0 6 3 . 9 5 5 . 1 340 
36 36 1 . 6 1 . 0 6 3 . 8 5 5 , 2 294 
37 37 1 2 . 8 1 . 0 5 7 . 4 5 6 . 6 7 3 
38 • -38"— " 2 3 . 3 5 0 . 5 5 3 . 4 5 3 , 4 0 
39 39 1 5 . S 1 . 0 6 0 . 4 5 5 . 1 309 
40 40 2 . 6 1 7 , 5 5 3 . 4 5 3 . 3 0 
4 1 4 1 1 5 . 8 1 . 0 6 0 . 4 5 5 . 1 309 
42 "42 2 . 6 1 .0 5 7 . 4 5 5 . 3 183 
43 43 2 3 . 3 4 5 . 5 5 2 . 7 5 2 . 7 0 
44 44 7 . 2 1 .0 5 9 . 1 5 3 . 4 376 
45 45 8 . 7 1 , 0 5 7 . 0 5 4 . 3 228 
"46" 46 8 . 1 1 , 5 5 7 . 0 5 5 . 0 1 7 8 
47 47 8 . 1 2 5 , 0 5 3 . 1 5 3 . 1 0 
48" 48 2 . 1 1 , 0 6 3 . 0 5 3 . 2 4 1 7 
49 49 8 .8 1 . 5 6 5 . 5 5 4 . 0 333 
50 50 1*0 " " 9 . 5 5 3 . 1 5 3 . 1 
5 1 5 1 2 . 1 1 . 0 6 7 . 1 5 3 . 2 4 1 8 
52 52 4 . 1 1 , 5 5 6 . 9 5 3 , 5 324 
53 53 4 . 6 1 . 0 5 7 . 3 5 3 . 9 333 
70 
j>4 54 2.0 1.0 64.3 54.0 367 
55 55 8.6 1.0 64.1 54.9 340 
56 56 12.9 1.0 65.5 56.4 256 
57 57 2.7 1.0 56.9 56.6 23 
66 58 4 .6 1.0 57.4 57.0 21 
59 59 23.3 1.0 67.1 60.1 258 
60 60 4.1 1.0 61.0 60.5 20 
61 61 4.9 16.0 59.1 58,9 0 
62 62 8.7 1.0 65.5 60.0 313 
63 63 2.7 32.0 56.1 56.1 0 
64 64 1.3 1.0 65.5 56.1 397 
65 65 2.7 1.0 63.5 56.3 337 
66 " 6 6 13.0 1.5 66.9 57.6 323 
67 67 12.4 9.0 58.4 58.3 0 
68 68 1.3 2.5 58.3 58.2 0 
69 69 2.3 1.0 66.9 58,4 376 
70 70 12.4 1.0 60.4 59.9 53 
71 71 2 .6 1.0 61.0 60.2 219 
72 72 4.9 29.0 57.0 56.9 0 
73 73 8.1 1.0 63.9 57.8 337 
74 " 7 4 1 . 6 38.0 53.4 53.4 0 
75 75 15 .6 1.0 65.5 55,1 348 
76 76 2.7 23.5 52.7 52.7 0 
77 77 7.2 1.0 64.3 53,4 396 
78 76 8.6 1.0 56,5 54.3 208 
79 79 8.9 1.0 64.7 55,2 357 
60 "80 6 .1 1.0 59.1 56.1 163 
61 81 8.7 1.0 64.1 57.0 315 
82 12.9 49.5 52.7 52,7 0 
63 63 7.2 1.0 65.5 53.4 399 
m 84 2.7 1.0 56.5 53.6 286 65 65 8.9 1.0 64.7 54.5 363 
66 86 8 .1 1.5 58.4 55.3 188 
67 87 1 . 6 • 5 63.8 55.4 401 
68 86 12 .8 1*5 60.0 56.8 147 
69 89 . 7 .5 64.3 56,9 394 
90" 90 2.0 1.0 63.5 57.0 334 
91 91 13.0 1.0 63.8 58.6 200 
92 92 12 .6 26.5 56.9 56.8 0 
93 93 4 .6 1.0 59.1 57.2 312 
94" 94 8 .7 1.0 63.8 58.2 267 
95 95 12. a 1.0 61.0 59.9 97 
96 9 6 - 4.9 62.0 52.7 52.7 0 
97 97 7.2 1.0 60.0 53,4 379 
98 98 1.2 4.0 53.1 53,1 4 
99 99 2.1 1.0 60.0 53,2 416 
Xuo 100 1 .2""" 1.5 56.5 53.2 353 
101 101 8.9 1.0 64.7 54.1 379 
102 ~ ~ i o a " 8 .1 1.0 63.5 54,9 292 
103 103 13 .0 1.0 63.0 56.4 266 
104 "io4 8.8 1.0 58.4 57.4 62 
105 105 1 . 8 1.0 61.3 57.5 373 
106 106 12 . 1 52.0 52 .7 52.7 0 
107 107 7.2 1.0 63.0 53.4 393 
108 XoB" ~ 8.6 1.0 58.4 54.3 261 
109 109 1.6 1.5 57.3 54.3 265 
—Ti"d' " i io 2.0 1.0 60.0 54.4 363 
111 . 7 1.0 57.3 54.4 260 
1 1 2 1X2 "2.0 X .O 6 4 . 3 5 4 , 5 3 7 3 
1X3 XX3 8«6 X .O 59 .X 5 5 , 4 230 
1 1 4 XX4 8 „ 7 X .O 5 7 . 3 5 6 , 4 69 
X l 5 1 1 5 2«Q x .o 6 3 . 9 5 6 , 5 385 
1X6 X16 1 . b X .O 5 6 . 9 5 6 , 6 21 
... X l 7 1X7 4 . 6 2 . 0 5 7 , 0 5 6 , 9 0 
1 1 8 1 1 8 8 , 1 X .O 6 5 . 5 5 7 . 8 347 
1X9 XX9 X.Q X 4 . 5 5 6 . 1 5 6 . 1 4 
1 2 0 120 1 . 3 X .O 6 5 . 5 5 6 . 1 3 9 7 
X21 X2X 1 , 0 X . 5 5 6 , 5 5 6 , 1 309 
X22 X22 8 . 9 X .O 5 7 . 3 5 7 , 1 43 
X23 X23 2 . 0 X .O 6 3 . 0 5 7 , 2 373 
X2«r X24 8«a X .O 6 6 . 9 5 6 . 2 300 
1 2 5 X25 X 2 . 4 X .O 6 0 . 8 5 9 , 8 74 
X26 X26 20 .0 X 6 . 5 6 0 . 4 6 0 . 3 0 
X27 X27 2 . 6 1 2 , 0 59 .X 5 9 . 0 0 
X28 X28 8 . 7 1.0 6 5 , 5 6 0 . 1 3 1 3 
X29 1 2 9 1ft Q 8 . 5 59 .X 5 9 . 0 4 
X30 130 8 „ 7 2 2 . 0 5 7 . 3 5 7 . 2 0 
X3X 1 3 1 . . 2«0 X . 5 6 0 . 4 5 7 , 3 376 
X32 X32 2«6 9 , 5 5 6 . 5 5 6 , 4 0 
1 3 3 X33 8«,9 1 . 0 6 3 , 8 5 7 . 4 336 
X34 X34 1 2 . 6 4 8 . 5 5 3 . 1 5 3 . 1 0 
X35 X35 „ . . 2 « 1 X,0 6 5 . 5 5 3 , 2 4 1 8 
X36 X36 x.o X . 5 5 6 , 9 5 3 , 2 364 
X37 X37 4 . 6 1 . 0 5 9 . 1 5 3 , 6 380 
X38 X38 8 . 7 X .O 6 4 . 1 5 4 , 5 3 1 4 
X39 X39 1 2 . 9 X .O 5 7 . 0 5 5 , 9 107 
X40 X40 8.X 1.0 63«8 5 6 , 8 329 
1 4 1 X4X 1 2 , B 4 3 , 5 5 3 . 1 5 3 , 1 0 
" " 1 4 2 ' 1 4 2 2*1 X .O "'S'ar.'S'"'" 5 3 , 2 
X43 X43 1 2 . 8 X .O 6 7 . X 5 4 , 6 322 
X44 144 4 , 1 X . 5 6 6 . 9 5 4 , 9 353 
X45 145 1 2 . 4 X .O 6 0 , 8 5 6 , 3 201 
X46 146 20 .0 X5.0 5 7 , 0 5 6 , 9 0 
X47 147 8 .1 3 7 . 5 5 3 , 4 5 3 , 4 0 
X48 148 1 5 . 8 1 .0 5 7 , 4 5 5 , 1 228 
X49 149 2 3 . 3 X .O 6 0 , 4 5 7 . 9 1 1 9 
XbQ 150 2 . 6 1 . 0 6 7 , 1 5 8 , 1 369 
X6X 1 5 1 4.X x .o 6 4 . 3 5 8 , 6 2 7 5 
Xb2 152 8 . 6 2X.0 5 7 . 0 5 6 , 9 0 
1 5 3 . L53 8.X 1 , 0 6 3 . 0 5 7 , 8 329 
Xb4 . L54 8 . 8 5 . 5 5 8 , 4 5 8 , 3 0 
Xb5 . L5b X . 8 X .O 6 1 . 3 5 8 , 4 3 7 7 
Xb6 156 1 2 . 1 5 9 . 0 5 2 . 7 5 2 , 7 0 
Xb7 . L57 7 . 2 x.o 6 6 , 9 5 3 , 4 401 
1 5 8 . 158 X2 .4 X.O 6 5 . 5 5 4 , 7 303 
1 5 9 L59 x .o _ . 1 5 , 0 5 3 , X 5 3 , 1 4 
160 . 1 6 0 " 2 .X X.O 6 5 . 5 5 3 , 2 t i l8 
1 6 1 L61 x .o X . 5 5 9 , 1 5 3 , 1 367 
162" 162 8 . 7 X.O 5 7 . 3 5 4 , 0 3 2 1 
1 6 3 . L63 2 . 0 1 . 0 6 3 , 5 5 4 , 1 367 
" 164 \ 164 1 3 . 0 X.O 6 0 , 8 5 5 , 5 2 7 3 
1 6 5 L65 2 0 . 0 X .O 6 3 . 8 5 8 , 0 183 
1 6 6 166 1 2 . 8 2 2 . 0 5 6 . 9 5 6 , 8 " 0 
X67 . 167 4 . 6 7 . 5 5 6 . 5 5 6 , 4 0 
~X68"~ L68 8 # 9 X.O 6 5 . 5 5 7 , 4 347 
X69 . L69 X . O 4 0 . 5 5 2 , 7 5 2 , 7 4 
72 
170 170 7,2 1.0 60.4 53.4 384 171 171 2,6 1.0 56.1 53,5 277 172 172 1.3 1.0 64.7 53.6 416 173 173 6,1 1.5 56,1 54,3 183 174 174 1.3 .5 63.0 54,4 411 175 175 6,8 1.0 60,0 55,4 263 176 176 .7 1.0 64.3 55.3 404 
, 177 177 . 2*0 .5 67.1 55.5 347 178 178 4.1 1.0 56.4 55.9 174 179 179 i . a 1.0 63.8 56.0 375 160 160 12.6 2.5 57.4 57.3 0 181 181 23.3 1.0 64.3 60.3 209 162 182 33.5 56.1 56,1 0 163 183 1.3 1.0 65.5 56.1 397 164 184 1.0 1.5 56.5 56.1 310 165 165 6,9 1.0 64.7 57.1 344 166 186 " 6.1 9.5 57.0 56,9 0 167 187 6,1 1.0 63.0 57.8 329 166 168 "8.8 19.5 56.5 56,4 0 169 189 8,9 1.0 64.7 57,5 342 190 190 8,1 12.5 57.0 56.9 0 191 191 8,1 1,0 60.4 57,8 284 192 192 2.6 9,5 57.0 56.9 0 193 193 _ a a . 1.0 65.5 57.8 347 194 194 2.7 10,5 56.9 56.8 0 195 195 4.6 6,0 56.5 56,4 0 
S"""196" 196" 8.9 1.0 68.7 57.4 360 .197 . 197 .8 1.0 58.3 57.4 161 198 198 2.3 1.0 65.5 57,5 379 199 199 _2«7 „.. 14,0 56.1 56,1 0 200 200 1.3 1.0 60.0 56.1 399 
" m mm mm <*» mm <mm»m» « 
«• " 7 60.3 55,8 
" a v e r a g e d e l a y FoK " ^ c r x w ? f " s~ " h t s e c o n d s " 
Vi AGE. _DEL A Y_ FOiR _ TH OSE DELAYED s 287.SECONDS 
rAWRA©TnPLATO^N~ "SIZE'STr2i~CARS~ 
2,AVERA6E._NUMBM-0F^ 
3 MEAN INTERARRlVAL~TlME"ir f^EC0NUS~ 
ajVARl^E 5 166 
APPENDIX B 






















6.5 6.5 55.8 1.38 0.00 6 
13-0 55-9 1.23 .06 6 
60 12.5 12.5 57.1 1.11+ .02 13 25.O 58.7 1.01+ 1.35 13 
18.5 18.5 59-3 1.01+ .78 16 
37.0 59-7 1.02 .90 18 
6.5 6.5 1+5.8 1.1+8 0.00 7 
13.0 46.1 1.26 .37 7 
50 12.5 12.5 47.9 1.18 .02 13 25.0 1+9.6 1.05 1.1+2 •17 
18.5 18.5 49.7 1.03 •99 18 
37 = 0 1+9.9 1.02 1.18 16 
6.5 6.5 37-2 1.43 0.00 7 
13.0 38.0 1.21 .96 7 
1+0 12.5 12.5 38.1+ 1.17 .1+1+ •13 25.O 38.9 1.04 1.81 11+ 
18.5 18.5 39-6 1.06 1-55 17 
37.0 39-8 •1.04 -1.43 18 





























































20 6.5 6.5 I.3.O 
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Analysis of Variance Tests 
In the following ANOVA formulations, the desired speed l e v e l 
w i l l be given by " A " , the mean a r r i v a l headway w i l l be given by " B " , 
and the r e l a t i v e opposing headway w i l l be given by " c " . Error was 
chosen to be composed of the th ird order interact ion term and i s re ­
presented by Eo Each ANOVA i s for the three factor design, unless 
otherwise noted. The f i r s t table shows the c r i t i c a l F values for three 
d i f ferent l e v e l s of s ign i f i cance . 
F Values for Three Factor Experiment 






A h 7 = 01 3.84 2.81 
B 2 8.65 4.46 3.11 
C 1 .11-30 5.32 3.46 
AB 8 6.03 3.44 2.59 
AC 4 7.01 3-84 2.81 
BC 2 8.65 4.46 3.11 
E 8 --
ANOVA for Average Speed 
Source MS F S ign i f i cant (*,« 
A 1353 27.62 
B 21 0.43 --
C 2 0.04 --
AB 2 0.04 --
AC 1 0.02 --
E 49 --
7 7 
ANOVA for Average Speeds (Two Factor) 
Desired Source MS F F S igni f icant 
Speed *,% 
B 1 , 5 0 9 . 3 9 - 0 0 * , 1 0 
20 mph C 0 , 1 7 1 .0 8 . 5 4 
E 0 . 1 7 — 
B -3 .50 2 1 . 8 9 - 0 0 * , 5 
30 mph C O..67 k.O 8 . 5 4 
E 0 , 1 7 
B 3 . 1 6 1 9 . 7 9 - 0 0 * , 5 
hO mph C O . 6 7 k.O 8.3k 
E 0 . 1 7 
B 8 . 5 3 1 7 . 6 9 . 0 0 * , 1 0 
50 mph C 1 . 0 0 2 . 0 8 . 5 4 
E 0 . 5 0 
B 8067 1 2 . 9 9<-00 * , 1 0 
60 mph C O . 67 1 .0 8 . 5 4 
E 0 . 6 7 
ANOVA for Average Platoon Size 
Source MS F S igni f i cant 
A 0.006 0 .86 
B 0.322 1+6.00 *,l<f> 
C 0 .150 21.1+3 * , !% 
AB 0.007 1 .00 
AC 0.005 0 . 7 1 * , !% 
BC 0 .084 1 2 . 0 0 
E 0.007 
ANOVA for Average Number of Passes per Vehicle 
Source MS F Signi f icant 
A ,5.44 1+.39 * , % 
B 0 .72 O.58 
C 5.38 .4.33 * , i o # 
AB 0.30 - 0 . 2 4 
AC 2.03 1.61+ 
BC 1+.57 3.28 * , 1 0 $ 
E 1 .24 
7 9 
Generation of Random Numbers 
The m u l t i p l i c a t i v e congruential method was used to generate 
random numbers. Sequences of non-negative integers were generated by 
the recurrence re la t ion 
R I i + 1 = RI i-R(Mod M) 
from whence the random number was e a s i l y obtained as follows 
RN. n = RI. . , /M I + I i + r 
I t i s necessary only to speci fy the i n i t i a l random integer , RI, 
and the values of R and M. For computation on the Univac 1 1 0 8 , the 
fol lowing values were chosen. 
R I 1 = 13579 
R = 2 5 ' 5 + 3 
M = 2 1 1 - 1 
8o 
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